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FOREWORD 

This  report  contains  the  results  of  a  model¬ 
ing  study  on  missiles  launched  vertically  into 
the  Variable-Angle  Variable-Pressure  Launching 
Tank  at  the  U.  S,  Naval  Ordnance  Test  Station. 
The  study  was  made  under  Bureau  of  Ordnance 
Taak  Assignment  NOTS-C3d-444-3-56, 

Another  study  on  the  results  of  modeling 
with  missiles  launched  at  oblique  angles  is  con¬ 
tained  in  Part  2  of  this  report. 

This  report  was  reviewed  for  technical 
accuracy  by  J.  H.  Wayland  of  the  California 
Institute  of  Technology  and  by  T,  G.  Lang  of 
this  Station. 


D.  J.  WILCOX.  Head 
Underwater  Ordnance 
Department 


Released  under 
the  authority  of: 

WM.  B.  McLEAN 
Technical  Director 
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Modeling  studies  were  conducted  with  a  2- 
inch-diameter  hemisphere -head  missile  aa  a 
prototype  and  with  1-  and  1/2-inch-diameter 
models  of  the  prototype.  Thia  “modeling  with 
models"  program  waa  carried  out  to  investigate 
the  importance  of  gas -density  scaling  in  con¬ 
junction  with  Froude  and  cavitation-number 
scaling  in  water -entry  cavity  modeling, 

The  obeervation  of  the  cavities  formed  by 
the  vertical  entry  of  these  models  showed  thuc 
one-to-one  sealing  of  the  Froude  and  cavitation 
numbers  and  of  the  gas  density  coefficient  mod¬ 
eled  the  cavity  to  a  high  degree  of  accuracy. 
Failure  to  scale  the  cavitation  number  did  not 
prevent  good  modeling,  but  whan  the  gas  density 
coefficient  was  not  sealed  modeling  did  not  oc¬ 
cur.  Oood  water -penetration-distance  modeling 
obtained  for  all  modeling  conditions. 

Evaluation  of  the  importance  of  atmospheric- 
density  scaling  on  water-entry  modeling  must  be 
deferred  until  teats  are  extended  to  include  launch¬ 
ings  of  modols  at  oblique  angles. 

Cavitation -number  scaling  cannot  be  dis¬ 
regarded  in  the  general  water-entry  modeling 
problem  because  it  has  been  found  necessary  to 
model  miasile  motion  in  oblique  water  entry. 
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An  important.  objective  in  sma'I -scale  modeling  of  the  water 
entry  of  bombs,  torpedoes,  and  other  projectiles  is  to  determine 
the  undorwaler  trajectory  of  the  prototype  missile,  Tho  initial 
regime  of  underwriter  trajectory  motion  at  high  water-entry 
speeds  takes  place  with  a  cavity.  It  is  evident  that  cavity  size 
and  shape  affect  the  unrierwnter -trnjcctory  behavior  of  the  missile. 
Hence  successful  modeling  of  underwater  trajectory  in  cavity 
motion  necessarily  includes  modeling  of  the  cavity, 

In  modeling  studies  with  ann-to-onc  Froude  and  cavitation- 
number  scaling  (with  reduced  air  pressure),  the  air  density  is  not 
preserved,  This  technique  scales  static  pressure  on  the  water 
nnd  cavity  surfaces  to  the  extent  that  pressure  is  constant  over 
connected  regions  of  air,  but  it  dooB  not  icalo  the  dynamic  pres- 
nure,  ipgv^.  Consequently,  roducing  the  air  density  lessens  the 
pressure  tending  to  close  the  cavity  and  delays  cavity  seal,  This 
may  increase  cavity  size  by  allowing  a  larger  volume  of  air  to 
enter  the  cavity,  Therefore,  in  order  to  model  the  cavity  size  it 
may  uocomc  necessary  to  preserve  gas  density. 

Good  water-entry  and  underwater-trajectory  modeling  (Ref.  1  -3) 
have  been  obtained  for  several  missile  configurations  with  one- 
to-one  Froude  and  cavitation-number  scaling,  This  was  accom¬ 
plished  in  the  Controlled-Atmosphere  Launching  Tank  at  the 
California  Inatituto  of  Technology  and  in  the  Variable-Angle 
Variable-Pressure  Launching  Tank  at  the  U,  S,  Naval  Ordnance 
Teat  Station  (NOTS),  Since  no  data  were  obtained  on  cavity  size 
and  shape,  the  role  of  the  cavity  in  determining  missile  perform¬ 
ance  is  not  clear,  and  the  sensitivity  of  the  cavity  to  the  acaling 
conditions  is  not  known, 

The  purpose  of  the  experimental  program  reported  here  was 
to  investigate)  the  importance  of  gas -density  scaling  in  conjunction 
with  Froude  and  cuvitation-number  scaling  in  water-entry  cavity 
modeling.  Since  no  large-scale  prototype  data  were  available, 
and  time  and  expense  precluded  obtaining  them,  it  wus  decided  to 
conduct  a  "modeling  with  models"  program  ir  which  a  2-inch 
diameter  model  wns  used  as  the  prototype  miBsilc,  The  results 
ii  ’ii.--.i-  si. idii  -,  .  mild  bi-  used  lii  evaluate  the  feasibility  of  model- 
ih)!  win,  l.i i- ip-r  Mealing  ratios  which  are  required  for  modeling  a 
pruiuty pc  .service  missile. 
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WATER-ENTRY  CAVITY  MODELING  TECHNIQUE 


Water-entry  theory  (Ref.  4  and  5)  indicates  that  with  one-to-ono 
Froude  and  cavitation-number  and  gas-density  scaling,  the  water- 
entry  cavity  may  be  properly  modeled  and  missile  space-time 
similitude  obtained.  The  theory  will  not  be  presented  here,  but 
the  model  constraints  and  the  model-prototype  relationships  de¬ 
rived  from  theory  on  the  basis  that  water  is  used  for  both  model 
and  prototype  are  as  follows: 

Let  the  ratio  of  the  model  diameter  to  the  prototype  diameter 
(modeling  scale  factor)  be  given  by 


(1) 

The  model  constraints  are 


(2)  Jm  *  Xlp 

(3)  rn^m  X3mp 

(4)  Im  ■  X^Ip 

The  atmospheric-pressure  modeling  constraint  Is 

(*)  Pgm  *  *Pgp 

The  gas-density  modeling  constraint  Is 

(6)  Pgm  ■  Pgp 


Corresponding  points  along  the  geometrically  similar  tra¬ 
jectories  are  identified  by  equal  distances  in  diameters  or  calibers 


(?) 


dm 


*m  "  "p'  *»p 


The  time  similitude  gives 


(8) 


W'm*  •'^tp(,P) 
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(9)  am(tm)  3  ^ap^p) 

where  tm  and  Ip  urc  the  model  and  prototype  timcB  for  correspond” 
ing  points.  At  the  instunt  of  missile  water  contact  *  tp  ■  0  and 

Bm(°)  3  Bp(°)  3  °* 

Other  model-prototype  relationships  are  as  follows: 

(10)  vm(km)  =  V^vp^p) 

(11)  &m(*m)  3  !  p(*p) 

(12)  0  m(*m)  *  Op(tp) 

(13)  am(t m)  -  ttp(tp) 

(14)  +m(*m)  *  tp(*f) 


Launching  constraints  on  model  orientation  and  velocity  are 
given  by  Eq.  10  to  14,  since  the  initial  boundary  (water -contact) 
conditions  must  satisfy  these  equations.  For  proper  water -entry 
cavity  modeling,  geometric  similarity  will  obtain  with  linear 
dimensions  of  the  model  cavity  scaling  as  X  at  timtykt, 


EXPERIMENTAL  PROGRAM 
PROTOTYPE  AND  MODELS 

A  simple  shape  consisting  of  a  hemispherical  head,  cylindrical 
body  aection,  and  camber  tail  was  used  lor  the  modeling  studies, 
The  hemispherical  head  shape  was  selected  for  several  reasons. 
First,  it  was  known  from  previous  Investigations  (Ref,  6  and  7) 
that  change  in  atmospheric  density  caused  large  differences  in  the 
vertical  water-entry  cavity  of  a  sphere.  Therefore  it  was  ex¬ 
pected  that  changes  in  aUuuaphet  ic  density  would  produce  meas¬ 
urable  differences  in  the  vertical  water-entry  cavity  of  the 
hemispherical-head  missile.  Second,  this  head  shape  has  the 
added  advantage  of  relative  stability  at  water  entry,  which  reduces 
the  chance  of  the  density  effoct  being  obecured  by  any  fluctuatione 
of  the  cavitation  number  or  email  differences  in  missile  attitude 
at  water  entry,  The  contours  of  the  body  and  tail  tactions  of  the 
missile  were  selected  for  ease  in  machining.  An  arbitrary  length- 
to-dlnmeter  ratio  of  six  was  chosen  for  the  missiles, 
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I ,,ium  ln' r  ri'Hlrirl.'oiis  limped  the  prototype!  model  to  a  diameter 
of  Z  nulu'.'i.  Two  .smaller  mode  la,  I -Inch  and  l/2-ineh  in  diameter, 
j’eonirtr lvnlly  and  dynamically  similar  to  the  prototype,  were 
used  (Fig,  I).  Missile  dimensions  and  parameters  ore  shown  in 
Tab!.’  1.' 

LAUNCHING  FACILITIES 

The  Variable-Angle  Var inble-Pr essure  Launching  Tank  in  the 
NOTS  Hydroballistics  Laboratory  was  used  in  these  studieu 
(Ref,  it),  in  this  tank,  models  up  to  2  inches  in  diameter  can  be 
launched  at  entry  velocities  as  high  as  120  ft  *>ec“l.  The  entry 
velocities  are  measured  with  a  photoelectric  timer  during  the  air 
flights  of  the  missiles,  The  trajectory  angle  at  water  entry  can 
be  varied  from  5  to  90  degrees  from  the  horizontal,  and  the  gaa 
pressure  over  the  water  surface  can  be  varied  from  1.5  to  lest 
than  0.1  atmosphere  absolute.  Side-view  pictures  of  the  missile 
and  of  the  underwater  cavity  are  taken  with  a  rotating-disk  camera 
illuminated  by  Edger ton-type  flash  lamps.  Time  along  the  miaalle 
trajectory  can  be  determined  from  the  known  flash  rate  of  these 
lampo,  A  more  complete  description  of  these  facilities  can  be 
found  in  Ref.  9  and  10, 

TEST  CONDITIONS 

An  axially  symmetric  cavity  is  formed  only  if  the  trajectory 
and  axis  of  the  missile  are  vertical  at  water  entry,  Thia  condi¬ 
tion  was  selected  because  the  simplest  entry  cavity  waa  desired 
for  th«s  Initial  atudy.  A  teat  schedule  was  established  to  investi¬ 
gate  the  effect  of  the  following  scaling  conditions  on  water-entry 
cavity  modeling: 

1,  One-to-one  Froude  number  and  gas-density  scaling 

2,  One-to-one  Froude  and  cavitation-number  acaling 

3,  One-to-one  Froude,  cavitation-number  and  gas-density 
scaling 

Thia  schedule  ia  ahown  in  Table  2.  Although  the  program  teemi 
aimilar  to  a  previous  atudy  (Ref.  6),  it  differed  in  two  aignificant 
points.  First,  water-entry  cavity  behavior  for  a  missile  shape 
with  a  hemispherical  nose  cannot  be  assumed  to  be  the  same  as 
that  of  m  sphere;  and  second,  this  program  was  specifically  de¬ 
signed  to  evaluate  scaling  techniques,  whereas  the  other  study 
waa  moro  general  in  nature, 

Originally  it  was  Intended  to  choose  model  launching  conditions 
to  Bcalo  a  4-inch-diameter  prototype  launched  under  atmospheric 
conditiona  into  water  at  170  ft  sec“*,  The  choice  of  such  condi- 
tiono  would  not  limit  the  modol  program  in  the  Variable-Angle 
Variuble-Presauro  Launching  Tank,  and  should  4-inch-diameter 
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prototype  launchings  become  feasible  at  a  later  date,  the  model¬ 
ing  scale  ratio  could  be  extended  by  inclusion  of  these  prototype 
launchings, 

In  describing  gas  pressures  and  densities,  it  was  found  con¬ 
venient  to  define  reference  standards.  Since  average  ambient 
conditions  of  temperature  and  pressure  at  tne  Morris  Dam 
Torpedo  Range  (where  prototype  tests  were  contemplated)  and 
the  Hydroballistics  Laboratory  at  NOTS  approximated  20°C  an~i 
740  mm  of  mercury,  it  was  convenient  to  define  1  atmosphere 
as  740  mm  of  mercury.  Gas  densities  are  described  in  terms 
of  a  gas-density  coefficient  p* ,  which  is  the  ratio  of  the  density 
of  the  gas  (irrespective  of  its  associated  conditiona  of  tempera¬ 
ture  and  pressure)  to  that  of  air  at  20°C  and  7 40 -mm  pressure. 

The  desired  gas  densities  were  obtained  by  mixing  air  with 
two  heavy  gases,  Freon  12  (dichlorodifluor omethsns,  Ref.  11) 
and  Freon  114B2  (dibromotetrafluoroethane ,  Ref.  12),  which 
have  densities,  respectively,  four  snd  nine  times  greater  than 
air,  under  the  same  conditions  of  tempsrsturs  and  prsssurs. 
Theoretically,  it  should  be  possible  to  obtain  a  gas-density  cosffi- 
clent  of  1  over  a  water  surface  with  a  gas  nine  times  as  heavy  as 
air  at  a  pressure  of  1/6  atmosphere  if  the  water -vapor  pressure 
ie  not  greater  then  10  mm  of  mercury.  For  thle  reason  the  tank 
water  was  chilled  to  10°C,  thereby  reducing  the  vapor  pressure 
to  9  mm  of  mercury,  However,  the  tank  leaked  sir  causing  the 
maximum  gae-denslty  coefficient  obtainable  at  l/B  atmosphere 
to  be  0.8.  Therefore  it  was  decided  to  take  a  gas-density  coef¬ 
ficient  of  0.8  se  the  "reference*  atmospheric  density,  even  though 
this  meant  the  impassibility  of  future  one-to-one  gas-density 
scaled  tests  with  the  4-inch-diameter  model.  Helium  was  added 
to  air  to  reduce  its  gas  -density  coefficient  to  0.8  for  the  full 
atmospheric  pressure  launchings.  Model  launchings  were  also 
made  at  atmospheric  pressure  and  a  gas-density  coefficient  of 
1.0.  This  wau  done  to  determine  to  what  extent  prototype  cavi¬ 
ties  having  a  gas-density  coefficient  of  1.0  could  be  predicted 
from  a  modeling  system  having  a  gas-density  coefficient  of  0.8. 

The  Variable-Angle  Variable-Pressure  Launching  Tank  wai 
evacuated  until  the  calculated  amount  of  air  and  water  vapor,  as 
determined  by  pressure,  remained.  Freon  or  '  slium  was  then 
added  to  bring  the  gas  mixture  simultaneously  to  the  desired 
launching  density  and  pressure.  The  gases  were  mixed  by  a 
small  fan  in  the  dome  of  the  tank.  Immediately  before  launch¬ 
ing,  the  fan  was  stopped  and  a  gas  sample  withdrawn  from  a 
point  approximately  6  inches  above  the  water  surface.  The 
sample,  taken  at  tank  pressure,  was  drawn  into  a  calibrated 
gas-denaity  balloon  and  the  gns  density  determined  gravimet- 
r  ically. 
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In  iii'fl nr  to  determine  if  tin:  presence  of  vuryiri;.;  amounts  of 
air  in  the  water  altered  the  entry  cavity,  several  launchings  were 
made  into  water  having  different  air  contents  1 ,  It  was  found  that 
although  the  size  and  shape  of  the  cavity  were  unaltered  by  the 
presence  of  excess  air,  tho  texture  of  the  cavity  wall  became 
rough  when  the  air  content  exceeded  tho  equilibrium  concentra¬ 
tion  with  air  at  atmospheric  pressure.  Since  well-defined  cavity 
contours  were  desired,  this  equilibrium  concentration  was  care¬ 
fully  maintained  during  all  tests, 

The  launching  conditions  are  shown  in  Table  3.  Triplicate 
launchings  were  made  under  each  test  condition. 

The  2-inch-diametcr  prototype  was  tracked  at  least  25  di¬ 
ameters  after  water  entry,  the  1 -inch-diameter  model  for  35  di¬ 
ameters,  and  the  l/2-inch-diameter  model  for  45  diameters, 

The  prototype  model  was  photographed  at  0. 0025-second  time 
intervals,  The  smaller  models  were  photographed  at  shorter 
time  intervals  of  0,00167  and  0,00125  second,  respectively,  which 
scale  approximately  as-v/x.  Zero  time  was  defined  as  the  instant 
of  contact,  between  the  misaile  and  the  water  surface.  The  ac¬ 
curacies  with  which  the  entry  conditions  of  the  model  and  the 
characteristics  of  the  cavity  could  be  measured  are  listed  in 
Table  4. 


DISCUSSION  OF  RESULTS 

Figure  2  reproduces  a  typical  film  from  the  rotating-disk 
camera,  which  illustrates  the  water-entry  of  tho  1  -inch-diamter 
model  launched  with  a  water -contact  velocity  of  approximately 
85  ft  sec"*  and  in  an  utmoaphor ic  mixture  of  uir  and  Froon  12.  The 
gas  pressure  wbb  1  / 4  atmosphere  and  the  gas  density  coefficient 
0.8.  To  preclude  any  ambiguity  in  the  terms  "surface  closure" 
and  “deep  cloaur e ,"  the  cavity  closures  are  indicated  in  Fig,  2. 


The  photographs  taken  to  investigate  the  effects  of  water  air- 
content  revealed  two  interesting  aspects  of  cavity  flow  that  were 
not  directly  related  to  water-entry  cavity  modeling.  First,  be¬ 
cause  tlie  transient  water-entry  cavities  were  sufficiently  similar 
to  steady-state  cavities  observed  in  water  tunnels,  a  separate 
study  was  made  to  assess  the  feasibility  of  predicting  water-entry 
cavity  pressures  from  the  known  pressures  in  steady-state  cavi¬ 
ties.  Second,  transverse  circular  striae  that  could  have  been 
caused  by  longitudinal  vibration  of  the  missile  at  water  impact 
were  observed  on  water-entry  cavity  walls.  These  aspects  of 
cavity  flow  are  discussed  in  Appendix  i  A  arid  14, 
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TABLE  4.  Accuracy  of  Measurement  of  Entry  Conditions 
and  Cavity  Characteristics 


Quantity  Measurod 

Accuracy  of  Measurement 
Prototype  Scale 

Ambient  Conditions 

Water  temperature . . 

Gas  temperature  ........ 

Gas  density . ' 

Gas  pressure  . 

+l/4°C 
+  l/4°C  , 

±0.005  p' 

±0,005  atm 

Entry  Velocity  of  Missiles 

2-ln.  diam.  prototype . 

1-  and  l/2-tn.  diam.  models  ,  , 

+  1/2  ft  sec"1 
±3  ft  sec"* 

Time 

Flash  rate  of  lights  cycles/sec, 
Zero  time . . . 

±1 

±1 .5  me 

Cavity  Characteristics 

Closures 

2-in.  diam.  prototype . 

1-  and  l/2-in.  diam,  models  ,  . 
Diameter . .  .  .  . 

+  1,3  mi 

Tl,2  mi 

Il/8  in. 

±5  in* 

Surface  closure  is  defined  as  the  closure  of  the  water  surface  it'* 
self  and  not  the  dome  »  f  the  splash,  and  desp  closure  is  defined 
as  any  permanent  break  in  the  cavity  beneath  the  water  surface. 
The  photographs  of  the  missiles  were  measured  to  determine 
the  growth  and  closure  of  the  entry  cavities.  Parameters  meas¬ 
ured  and  plotted  as  functions  of  time  were:  (l)  the  time  and  posi¬ 
tion  of  cavity  closures,  (2)  the  cavity  diameter  at  the  missile  tail, 
and  (3)  the  projected  cavity  area  in  a  vertical  plane  containing  the 
cavity  axis  of  symmetry.  In  order  to  make  the  curves  describing 
the  cavity  behavior  of  the  three  missiles  directly  comparable, 
the  model  data  were  scaled  to  prototype  size  by  multiplying 
distances  by  l/X  ,  areas  by  l/x-,  and  time  by  1/tyX,  These  data 
are  shown  in  Fig.  3-5.  Closure,  diameter,  and  area  curves  from 
each  test  condition  are  presented  in  the  same  illustration  to  pro¬ 
vide  a  better  insight  into  cavity  behavior.  The  area  brackete*'  by 
the  data  from  each  set  of  three  duplicate  curves  was  presented 
instead  of  an  average  curve  in  order  to  show  both  the  behavior  of 
the  cavity  and  its  reproducibility.  When  the  cavity  behavior  was 
erratic,  the  three  individual  curve,  were  platted  separately. 
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FIG.  4,  Comparison  of  Cavity  Paramoteri  With  One- 
to-Ono  Froude-Number  and  Gaa-Denaity  Scaling, 
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FIG.  5,  Comparison  o i  Cavity  Parameters  With  One* 
to-One  Fronde-  and  Cavitation -Number  and  Gaa- 
Density  Scaling. 
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CAVITY  CLOSURE 

Tho  three  missiles  formed  reproducible  cavities  under  tin* 
sumu  entry  condition*  a*  long  as  a  gas-density  coefficient  of 
0,8  or  higher  was  maintained,  Those  cavities  always  cloned 
first  at  the  water  uurface.  When  the  gas-donalty  coefficient  was 
allowed  Lo  decrease  with  the  atmospheric  preasuro,  cavity  clo¬ 
sure  bocame  erratic  under  supposedly  equal  entry  conditions. 
Surface  closure  was  late,  and  in  some  i  iitancua  followed  deop 
closure  or  failed  to  occur  during  the  recorded  trajectories.  The 
cavity  closures  are  extremely  important  in  determining  cavity 
history  because  (1)  the  mass  of  gas  in  the  cavity  cannot  appreciably 
increase  after  the  water  surface  closes,  and  (2)  the  persistence  of 
the  cavity  about  the  miesile  ie  largely  determined  by  the  time  and 
place  of  deep  closure, 

Both  surface  and  deep  closure  always  occurred  in  such  a 
fashion  that  the  nswly  formad  seal  at  the  top  of  the  cavity  was  flat 
and  essentially  parallel  to  the  water  surface.  The  depth  of  the 
cavity  top  was  measured  and  plotted  as  a  function  of  time  after 
water  entry,  A  separate  curve  resulted  from  each  aeal,  The 
earliest  point  on  each  curve  waa  located  at  the  time  and  depth  at 
which  the  seal  occurred,  and  subsequent  points  marked  the  later 
poeitions  of  the  top  of  the  cavity  remaining  about  the  miaeile.  In 
many  instances  soveral  desp  closures  occurred  during  a  singla 
launching,  Depth  measurements  were  terminated  when  the  flat 
surfaces  were  no  longer  sufficiently  well  defined  to  be  measured 
accurately, 

Figures  3-3  compare  the  closures  obtained  with  one-to-one 
Froude  and  cavitation -number  or  Froude-number  and  gas-density 
scalinp  to  those  obtained  with  Froude  and  cavitation  number  and 
gas  density  scaled  simultaneously.  Neither  surface  nor  deep 
closure  waa  modsled  unless  ths  condition  of  one-to-one  gas- 
denalty  scaling  was  included.  Then  both  closures  were  scaled  to 
a  good  degree  of  accuracy  wiih  or  without  one-to-one  scaling  of 
cavitation  number,  although  modeling  of  surface  cloture  was 
•  lightly  Improved  by  scaling  cavitation  number,  No  numerical 
comparison  could  be  mads  with  the  data  presented  in  Ref,  6. 
However,  a  generally  similar  pattern  of  cavity  closure  was 
observed  during  both  investigations. 

The  ratio  of  the  difference  in  depth  to  the  difference  in  time 
between  eurface  and  first  dasp  closuri  (Fig.  3-3)  provides  an 
index  of  cavity  modeling.  If  the  ratio  for  the  2-inch-diameter 
missile  with  one-to-one  Froude  and  cavitation-number  and  gas- 
density  ucaling  is  taken  as  the  prototype  modeling  condition,  a 
closure  parameter  ui  which  comparer  cavity-cloeure  modeling 
under  the  different  scaling  conditions  can  be  defined  ae  followe: 
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whore  Ah  is  the  difference  in  depth  and  At  is  the  difference  in  time 
between  surface  and  firat  deep  cloaure,  Depth  and  time  in  the 
numerator  of  Eq,  13  have  been  scaled  to  prototype  conditional  and 
the  denominator  (Ahp/Atp)#  represents  the  ratio  for  the  prototype 
modeling  condition,  subscripts  are  not  used  in  the  numerator 
because  ratios  for  both  prototype  and  models  are  used,  For  per* 
feet  cavity  closure  modeling,  u>  ■  1.  As  modeling  failBi  u>  deviates 
progressively  from  this  value,  From  Fig,  6  where  (b  is  plotted  as 
a  function  of  gas  pressure  and  scaling  conditions,  it  is  evident 
that  one-to-one  gna-density  scaling  is  necessary  for  modeling  the 
closure  parameter  and  that  one-to-one  cavitation-number  sealing 
is  of  relatively  little  importance, 


CAVITY  DIAMETER 

For  convenience,  the  cavity  diameter  curves  from  Fig,  3-3 
are  reproduced  together  in  Fig.  7.  The  magnitude  of  ths  cavity 
diameter  at  the  missile  tall,  which  was  measured  only  when  the 
tail  was  not  In  contact  with  the  cavity  wall,  was  not  much  altered 
by  the  various  scaling  techniques  employed.  Under  no  circum¬ 
stances  did  these  curves  deviate  more  than  one  missile  diameter 
from  the  prototype  condition,  However,  marked  oscillations  ap¬ 
peared  in  the  diameter -time  curves  that  were  obviously  not 
modeled  by  any  scaling  technique  used  in  this  investigation,  It 
was  observed  that; 


1,  Oscillation  occurred  only  after  the  cavity  was  closed  from 
the  atmosphere  above  the  water  surface. 


2.  The  period  of  the  oscillation  increased  with 


c 


increase  in  missile  diameter  at  constant  Froude  number, 
decrease  in  gas  density,  and 
decrease  in  gas  pressure, 


The  periods  of  the  oscillation,  T,  were  sufficiently  well  defined 
in  several  instances  to  be  measurable  and  were  found  to  be  ex¬ 
pressible  as  T(p,)^/d'v  ■  0,024  second  prototype  time  atF  ■  51 ,8, 

P'  ■  0.8  or  1,0,  and  pg  r  »  atmosphere.  Although  this  relationship 
admittedly  is  based  upon  few  data,  and  may  be  no  more  than  a 
fortuitous  coincidence,  it  may  serve  as  a  guide  in  further  investi¬ 
gation  of  this  cavity  oscillation, 


CAVITY  VOLUME  FROM  PROJECTED  CAVITY  AREA 

The  projected  cavity  area  provides  an  index  for  comparison  of 
cavity  volume  when  the  cavities  are  geometrically  similar.  For 
geometrically  similar  cavities 
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FIG.  6.  Closure  Parameter  as  a  Function  of  Gas  Pressure  and  Scaling  Condition. 
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(16)  Ratio  of  cavity  volumes  =  X  ratio  of  projected  cavity  areas 

The  shape  of  the  cavity  was  distorted  when  the  missile  tail 
struck  the  cavity  wall  and  area  measurements  were  terminated  at 
first  tail  contact.  When  tho  cavity  was  broken  by  deep  closure, 
the  area  of  the  cavity  remaining  about  the  miBsile  was  measured. 

When  the  atmospheric  density  was  0.8  or  higher,  the  shapes  of 
the  cavities  made  by  the  three  missiles  were  sufficiently  similar 
throughout  the  trajectory  that  ca  dty  area  could  be  considered 
proportional  to  cavity  volume  (Fig.  8).  Figure  9  shows  that  fair 
modeling  of  cavity  volume  was  achieved  by  one-to-one  scaling  of 
Froude  and  gas  density,  and  that  excellent  modeling  resulted  when 
the  cavitation  number  was  also  scaled.  Successful  modeling  of 
cavity  volumes,  with  1-inch  and  1/2 -inch-diameter  apherer.  in  a 
one-to-one  Froude  and  cavitation-number  and  gas-density  scaled 
system,  was  also  reported  in  Ref.  6. 

When  gas  density  was  not  sealed,  the  cavities  from  the  three 
missiles  were  initially  similar.  Later  in  the  trajectory,  however, 
they  became  quite  different  in  shape  (Fig.  10),  and  no  dlroct  com¬ 
parison  of  volume  could  be  made.  However,  both  the  photographs 
and  the  area  curves  indicate  that  the  cavity  became  excessively 
large  as  the  model  diameter,  and  hence  the  atmospheric  density, 
decreased. 

It  is  felt  that  the  cavity-area  curves  substantiate  the  definition 
of  surface  closure  employed  throughout  these  tests  since  the  cavi¬ 
ties  ceased  to  increase  in  size  about  the  time  of  surface  closure 
(Fig.  3-5). 

MISSILE  MOTION  IN  UNDERWATER  CAVITY 

From  Eq.  1,  8,  and  9,  miasile  water  penetration  distance  will 
be  modeled  if  the  distance,  expressed  in  diameters,  is  the  same 
when  the  corresponding  times  of  penetration  scale  asV\".  Meas¬ 
urements  of  missile  penetration  distances  for  scaled  times  of 
penetration  were  made  and  distances  corresponding  to  0.05  second 
prototype  scale  are  shown  in  Table  5,  These  data  represent  the 
greatest  distance  for  which  modeling  comparison  could  be  made. 
The  data  indicate  that  good  water  penetration  distance  modeling 
was  obtained  for  all  modeling  conditions  used.  Furthermore, 
there  is  no  evidence  that  the  penetration  distance  was  affected  by 
the  modeling  condition. 

From  Eq.  11,  12,  13,  and  14,  missile  orientation  will  be  modeled 
if  the_ orientation  is  the  sunn:  when  the  times  of  penetration  scale 
asVx"*  However,  launcher  vibration  gave  the  models  varying  angu¬ 
lar  velocities  in  air  flight  with  the  result  that  missile  water-entry 
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FIG.  8,  Shape  of  the  Vertical  Water-Entry  Cavity,  One-to-one 
Froude-number  and  gas-density  scaling  with  and  without  one- 
to-one  cavitation-number  scaling. 
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oriontation  anti  angular  velocity  varied  from  launching  to  launch¬ 
ing.  Therefore  it  was  not  passible  to  study  the  modeling  of  mis¬ 
sile  orientation  in  the  cavity, 


TABLE  5,  Penetration  Distance  in  Diameters 


Penotrntion  distance  measured  to  noBe  of  missile  at  0.05 
second  after  water  entry,  prototype  scale. 


Prototype, 

Model, 

Model, 

Modeling 

2-inch  Diam, 

1  -inch  Diam, 

1/2-inch  Diam, 

Condition 

ML 

Distance , 

ML 

Di»tance> 

ML 

Distance. 

No. 

Diam, 

No, 

Diam, 

No, 

Diam, 

F  *  51.8 

1662 

23.5 

1637 

23.5 

1629 

24.3 

a  not  scaled 

1663 

23.6 

1638 

23.6 

1630 

23.8 

p'  ■  0.8 

1664 

23.8 

1639 

23.3 

1631 

23.8 

F  «  51.8 

1659 

23.7 

1646 

23.2 

1672 

24,4 

a  *  0.073 

1660 

24.6 

1648 

23.4 

1674 

25.1 

p*  not  scaled 

1661 

23.8 

1669 

23.8 

1676 

21.6* 

F  «  51.8 

1655 

23.0 

1651 

23.0 

1624 

23.5 

9  ■  0.073 

1656 

23.5 

1652 

22.7 

1626 

24.3 

p1 *  0.8 

1657 

24.6 

1667 

23.0 

1627 

23.8 

F  ■  5.1,8 

1598 

23.7 

1633 

23.2 

1605 

24.4 

cr  not  scaled 

1603 

24.0 

1634 

23,8 

1607 

24.5 

p'o  0.8 

1604 

23.9 

1635 

23.3 

1617 

24.5 

aExtreme  yaw  and  tail  contact  at  water  entry, 


SCALINti  OF  FULL-SIZE  MISSILES 


Predicting  the  water -entry  and  underwator -trajectory  behavior 
of  a  full-size  (22,4-inch  diameter)  mieeile  from  a  2-inch-diameter 
model  involves  a  scale  factor  X  ■  1/1 1 .  One-to-one  Froude-  and 
cavitation-number  and  gat-density  scaling  would  require  that  the 
gas  pressure  be  reduced  to  l/ll  atmosphere,  while  the  gas-density 
coefficient  be  kept  equal  to  1.0,  At  this  pressure  the  heaviest  gas 
presently  available  which  is  suitable  for  modeling  studies  (dibromo- 
tetrafluoroethane),  when  saturated  with  water  vapor  at  ambient 
temperature,  has  a  density  coefficient  of  0.74.  Therefore  the  dif¬ 
ference  in  behavior  produced  by  increasing  the  gas-density  co¬ 
efficient  from  0.8  to  1 .0  is  of  internet.  In  Fig.  11-13  results 
from  tests  made  with  one-to-one  Froudc -number  and  gas-density 
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FIG.  1 1.  Effect  of  Scaling  Conditions  on  Cavity 
Parameters  of  2*inch-Diametor  Model. 
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FIG,  12.  Effect  of  Scaling  Conditions  on  Cavity 
Parameters  of  1 -Inch-Diameter  Model, 
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FIG,  13,  Effect  of  Scaling  Condition*  on  Cavity 
Parameter*  of  l/2*lnch-Diameter  Model, 


28 


NAVOKt)  UEPOHT  M65 
Par  tT 


Honlinn  (qas -density  coefficient  equal  to  1.0)  aro  compared  with 
the  data  from  Fig.  1  —  5,  For  con  cninneo  and  clarity,  bohuvior  of 
each  of  the  three  missiles  la  plotted  separately.  The  change  in 
cavity  behavior  as  a  result  of  variation  in  atmospheric  density 
from  0,8  to  1,0  was  small  compared  to  the  large  change  caused  by 
complete  disregard  of  gas-density  scaling. 

Although  it  might  be  surmised  from  these  data  that  full-scale 
cavity  prediction  would  bo  much  Improved  by  using  one-to-one 
gas-density  scaling  or  approximating  thla  acaling  as  closely  aa 
possible  in  thu  model  system,  it  should  be  noted  that  full-scale 
missiles  are  ordinarily  launched  at  oblique  water-entry  angles. 
Hence,  the  evaluation  of  the  importance  of  gaa-denalty  scaling  in 
modeling  service-misaile  cavikicB  chould  be  deferrod  to  Part  2 
of  this  report,  which  deals  with  oblique  water  entry. 


CONCLUSIONS 

The  following  conclusions  were  drawn  from  observation  of  the 
vertical-entry  cavities  formed  by  2-inch-,  1-inch-,  and  l/2-inch- 
diamotor  hemispher icnl-head  missiles,  scaled  in  accordance  with 
the  Froude  law  to  be  geometrically  and  dynamically  aimilar! 

1,  One-to-one  scaling  of  Froude  and  cavitation  number  and 
gas  density  produced  excellent  modeling  of  the  entry  cavities 
during  this  series  of  tests, 

2,  Rather  good  agreement  among  the  cavities  was  alao  obtained 
with  one-to-one  scaling  of  Froudt  number  and  gas  density  in  ab¬ 
sence  of  scaling  of  cavitation  number, 

3,  One-to-one  Froude-  and  cavitation-number  scaling  did  not 
model  the  water -entry  cavity.  The  cavities  became  excessively 
large  and  cavity  closure  occurred  later  and  became  more  erratic 
as  the  model  sise  was  decreased. 

4,  Good  water  penetration  distance  modeling  was  obtained  for 
All  modeling  conditions  studied.  The  penetration  distance  was  not 
affected  by  the  modeling  condition. 

3,  It  should  not  be  concluded  from  these  teete  that  one-to-one 
scaling  of  cavitation  number  need  not  be  observed  in  modeling  the 
water-entry  cavity  because  cavitation  number  may  prove  more 
important  in  scaling  cavities  formed  by  missiles  of  other  shapes. 
Furthermore,  modelling  of  missile,  motion  during  oblique  water 
entry  requires  that  cavitation  number  be  scaled  (lief,  1-3), 
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Appendix  A 

PREDICTION  OF  CAVITY  PRESSURE 
FROM  CAVITY  SHAPE 

An  attempt  waa  made  to  predict  the  internal  pressure  of  a 
transient  cavity  formed  by  an  air-to-water  miaaile  from  the 
known  internal  pressure  of  a  steady-state  cavity  formed  by  the 
same  miaaile  in  a  water  tunnel,  A  survey  of  the  data  from  the 
Variable-Angle  Variable-Pressure  Tank  and  the  Free  Surface 
Water  Tunnel  at  the  California  institute  of  T  ethnology2  indicated 
that  tunnel  tests  with  disks  of  various  siaes  oriented  at  aero  angle 
of  attack  and  tank  tests  of  a  disk-cylinder  missile  (i/d  ■  6) 

(Fig,  14)  launched  with  vertical  trajectory  and  aero  angle  of  attack 
would  be  most  suitable  for  compariaon,  It  was  felt  that  the  tran¬ 
sient  and  steady-state  cavities  should  be  congruent  at  least  for 
several  diameters  along  the  missile  body  if  any  prediction  of 
pressure  were  to  be  made, 

Cavities  from  disks  1  /l,  3/4,  rnd  1  inch  in  diameter  and  with 
cavitation  number,  <r,  ranging  from  0,03  to  0,17  were  observed  in 
the  water  tunnel,  The  staff  of  the  Free  Surface  Water  Tunnel 
measured  numerous  cavity  contours  and  were  able  to  describe 
them  all  in  terms  of  the  following  empirical  relationship! 

/  y-y0\1*8  /a0-x\2 

(17)  1  +  1 - 1  ,1;  0,03  2»  c  jj  0.17 

where  cr  is  the  cavitation  number  and  a^  and  bQ,  the  half-length 
and  half-diameter,  are  defined  in  Fig.  13.  One  quadrant  of  the 
curve,  which  resembles  an  ellipse,  describes  the  cavity  contour 
between  the  separation  point  and  the  maximum  cavity  diameter, 

The  contours  of  three  transient  cavities  were  measured  for 
comparison  with  Eq,  17,  The  conditions  under  which  those  cavi¬ 
ties  were  formed  are  listed  in  Table  6, 

Fitting  the  transient  data  to  Eq,  17  posed  a  problem  because 
the  transient  cavity  contour  was  slightly  scalloped  in  appearance 
aa  if  it  were  formod  by  segments  from  several  different  cavities. 


Unpublished  data  from  Hydrodynamics 
Institute  of  Technology. 


Laboratory,  California 
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TABLE  ('.  Two-Inoh-Dinmctor  Disk-Cylinder  Model  Condition* 
at  Which  Transient  Cavity  Data  Were  Obtained 


I. Bunch¬ 
ing  No., 
ML 

Frame 

Kj. 

Approx,  Depth 
of  Cavity 
Separation 
Point, 
diam. 

Approx. 

Velocity 

of 

Missile, 

fps 

Tank  Air 
Press,, 
atm 

Cavity 

1574 

6 

IB 

23 

1/27 

Open  to  air 

1596 

7 

24 

13 

1/27 

Open  to  air 

1593 

2 

8 

55 

1/2 

Closed  to  air 

It  might  be  euepectod  that  the  molt  representative  value  of  9  could 
be  determined  from  the  cavity  segment  adjacent  to  the  separation 
point.  Unfortunately  data  from  the  Free  Surface  Water  Tunnel  in¬ 
dicate  that  this  portion  of  the  steady-state  cavity  is  completely 
independent  of  c, 

The  other  alternative  is  to  measure  the  aQ  and  b0  from  the 
segmented  cavity  and  then  calculate  the  comparable  stsady-atata 
contour  from  Eq.  17,  These  curves  and  the  transient  cavity  con¬ 
tours  which  show  the  previously  mentioned  scalloping  are  shown 
in  Fig.  16-18,  The  transient  cavities  are  more  slander  than  their 
calculated  steady-state  counterparts, 

The  following  empirical  expression!  similar  in  form  to  Eq,  17. 
was  determined  from  the  three  transient  cavity  contours, 


where  a0  and  h0  are  defined  in  Fig,  15. 

Since  the  exponent  1.3  was  determined  from  few  data,  it  must 
be  considered  an  approximate  value,  However,  the  curves  from 
5q,  18  compare  well  with  the  measured  cavities  (Fig,  16-18)  even 
though  an  equation  of  this  form  must  necessarily  fair  out  any 
scallops  in  the  c  -vity  wall,  It  is  interesting  to  note  that  close  to 
the  separation  point  the  cavities  formed  at  two  different  air  pres¬ 
sures  cun  be  described  by  a  single  empirical  relationship. 

It  might  be  concluded  from  the  data  presented  in  Fig,  16-18 
alone  that  transient  cavity  pressure  cannot  safely  be  predicted 
from  stoady-stalu  cavity  data,  However,  even  more  conclusive 
pi  oof  of  thiB  ia  evident  from  unpublished  Free  Surface  Water 
Tunnel  data  presented  in  Fig,  19.  In  Fig,  19  the  transient  cavity 
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IG_  18.  Comparison  erf  Transient  Cavity  Contour  With  Empirical  Cavity  Shape;  and  b, 
determined  F rwn  Transient  Cavity  Shape.  Run  ML  1596,  Frame  No.  ?* 
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FIG.  19.  Comparison  of  Transient  Cavity  Contours  With  Cavity  Shapes  Measured  in  CIT 
Water  Tunnel  at  Various  Cavitation  Numbers. 


NAVORP  REPORT  5365 
Part  i 


contours  an*  compared  to  the  family  of  steady-state  cavities 
measured  at  various  values  of  ff  between  0.05  and  0.17.  Within 
1  diameter  of  the  separation  point  the  Bteady-state  cavity  contour 
to  independent  of  cr  ,  and  between  1  and  2  diameters  alt  i*  is  very 
nearly  so.  The  steady-state  cavities  begin  to  show  dspendsnee 
upon  cdWtatidh  number  2  diameters  aft  of  the  separation  point, 
tiers  the  transient  data  fall  upon  the  steady-state  contour  cr  ■  0.14. 
Farther  .i/t  It*  <r  -contour  of  best  lit  decreases  with  distance  Irom 
the  # D par  .*|on  point  until  at  a  distance  ef  I  diameters  aft  the  best 
h*  occurs  c«i  &r  contour  9  ■  0,07.  This  change  in  9  is  tee  great 
to  be  caused  h«  Hie  three  -diameter  •  difference  in  eabwur  genes. 
Ne«*ee  the  date  indicate  that  the  internal  pres  tore  e 4  tfce  transient 
cavity  cannot  b<^  predicted  Irom  knowledge  ef  She  steady- state 
cavity. 
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Appendix  B 

ORIGIN  OF  CIRCULAR  STRIAE 
ON  WAT  EH -ENTRY  CAVITY 

The  cavltien  formed  by  the  diak-cylinder  mis  tile  (Fig.  14) 
launched  vertically  into  water  with  aero  angle  of  attack  and  120- 
fpa  entry  velocity  ahowed  well-defined  circular  atrlationa  normal 
to  the  direction  of  mieaile  motion.  Theae  etriae  ahow  clearly  in 
Fig.  20,  a  typical  photograph  taken  during  one  of  the  aix  duplicate 
launchinga  recorded.  Birkhoff  (Ref.  13)  mentiona  that  axial  vi¬ 
bration  of  the  mlaalle  Induced  at  water  entry  might  eauae  auch 
atriae,  but  thia  phenomenon  haa  not  prevloualy  been  obaerved  at 
thia  Station, 

The  longitudinal  natural  frequency  of  the  mlaalle  auapanded  in 
air  and  the  frequency  at  which  the  atriae  occurred  on  the  cavity 
were  meaaured  in  order  to  determine  whether  theae  atriae  might 
be  cauaed  by  axial  vibration  of  the  mlaalle. 

The  model,  auapanded  from  loopa  of  string  at  the  nose  and 
tail,  vibrated  at  a  frequency  of  approximately  2,000  cps  when 
struck  sharply  upon  the  flat  surface  of  the  nose.  The  note  emitted 
by  the  modal  waa  meaaured  by  matching  it  to  the  known  tone  of  a 
Hewlett-Packard  oaclllator.  The  frequency  of  the  atriae  upon  the 
cavity  waa  eatlmated  aa  follows  from  the  motion  of  the  missile 
and  the  position  of  the  striae  with  respect  to  the  surface  of  the 
water: 

1,  The  velocity  of  the  mlaalle  was  plotted  aa  a  function  of  dis¬ 
tance  from  the  water  surface  (Fig.  21).  (Velocity  waa  determined 
by  numerical  differencing  of  the  time-distance  data.) 

2,  The  distance  of  each  stria  from  the  water  au.face  waa 
measured  and  the  velocity  of  the  mlaalle  at  the  corresponding 
point  read  from  the  curve  (Fig. 21). 

3,  The  time  between  striae  was  taken  as  the  distance  between 
striae  divided  by  the  average  velocity  of  the  missile  between  the 
two  points  at  which  the  atriae  occurred. 

Since  the  cavity  does  not  remain  stationary,  only  striae  within 
two  or  three  diameters  of  the  missile  nose  were  measured.  Sepa¬ 
rate  values  of  the  frequency  were  determined  from  each  of  the 
firat  five  frames  in  Fig.  20.  The  frequency  from  the  first  frame 
waa  determined  from  only  one  measurement,  but  in  the  second 
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through  the  fifth  frames  the  average  of  four,  five, or  seven  meas¬ 
urements  was  used,  The  scatter  in  the  values  averaged  was 
approximately  £5  percent.  The  frequency  of  the  cavity  striae 
appeared  to  increase  slightly  with  time  (Fig.  22).  Extrapolation 
of  this  curve  to  aero  time,  which  can  be  estimated  only  to  within 
1/2  ms,  gives  an  initial  frequency  of  2,250  cps,  12  percent  higher 
than  the  natural  frequency  of  the  misaila  vibrating  in  air.  Since 
the  difference  between  the  two  measured  frequencies  is  of  the 
order  of  data  accuracy,  it  is  quite  possible  thet  the  striae  on  the 
cavity  were  caused  by  longitudinal  vibration  of  the  mlaelle. 
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FIO.  22.  Frequency  of  Cavity  Striae  aa  a  Function 
of  Time  From  Water  Entry. 
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NOMENCLATURE 

Maximum  di&mater  o f  cavity  containing  miaaiia,ft 
in  prototype  scale 

Froude  number)  F  ■  v/a/& g 

Moment  of  inertia  of  miaeile  about  any  traneveraa 
axia  through  the  CO,  lb  in2 

Length  of  cavity  containing  the  mieaile,  ft  in  proto¬ 
type  ecale 

Reynolds  number,  R  ■  vd/v 

Period  of  oscillation  of  cavity  diameter,  sec  in  pro¬ 
totype  scale 

Diameter  of  mieaile  body,  in. 

Acceleration  of  gravity,  ft  sec“2 

Minimum  depth  of  cavity  enveloping  mieaile  below 
water  surface,  ft 

Distance  from  nose  to  CQ  of  mieaile,  in. 

Mass  of  miasile,  lb 

Sum  of  the  gas  and  vapor  pressures  in  the  cavitation 
bubble  acting  to  keep  the  bubble  open,  lb  ft"2  or 
atmospheres 

Atmospheric  pressure,  lb  ft"2  or  atmospheres 
(standard  atmospheric  pressure  ■  740-mm  mercury 
pressure) 

Sum  of  the  hydrostatic  and  atmospheric  pressures 
acting  to  collapse  cavitation  bubble,  lb  ft"2,  The 
absolute  pressure  in  the  undisturbed  liquid,  lb  ft1*2 
or  atmospheres 

Missile  water  penetration  measured  along  trajectory 
from  point  of  water  contact,  ft 

Time  from  instant  of  missile  water  contact,  sec 

Velocity  of  missile,  ft  sec"l 

Velocity  of  gaa,  ft  sec"* 
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a  Miatiile  angle  of  attack  in  pitch,  deg.  Angle  in  the 
vortical  piano  bctwoen  mieaile  axia  and  direction 
of  motion,  poaitivo  in  the  aenae  of  noaa-up  rotation 

0  Miaaile  angle  of  pitch,  deg,  Angle  between  miaaile 
axia  and  horiaontal  plane,  poaitive  in  the  aenae  of 
noae«up  rotation 

X  Modeling  acale  factor,  X  ■  d^/dj 

V  Kinematic  vlacoalty,  ft2  aec"^ 

(  Trajectory  angle  of  miaaile,  deg,  Path  angle  with 
reaped  to  horiaontal  plane,  poaitive  in  climb 

p'  Ratio  of  the  density  of  the  gaa  (irreapectivo  of  ita 
aaaociatad  conditiona  of  temperature  and  preaaure) 
to  that  of  air  at  20°C  and  7 40 -mm  Hg  preaaure 

Pg  Oenaity  of  gaa,  alug  ft**3 

pw  Denalty  of  water,  alug  ft**3 

o-  Cavitation  number,  tr«  (pg  +  pwgh  “  Pc)/iPwv* 

t  Yaw  of  miaaile,  deg,  Angle  between  the  miaaile  axia 
and  vertical  plane  containing  the  trajectory,  poaitive 
when  miaailo  tall  ia  to  the  right  aa  viewed  from  the 
rear 

u>  Cloaure  parameter 

SUBSCRIPTS 

m  Model  mlaailea 
p  Prototype  mlaailea 
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XKKUBBD  FOR  ANY  PURPOSE  OTHER  THAN  W  CONNECTION  WITH  A  DEFINITELY  RELATED 
GOVERNMENT  PROCUREMENT  OPERATION,  TIE  U.  S.  GOVERNMENT  THEREBY  INCURS 
NO  RESPONSIBILITY.  NOR  ANY  OBLIGATION  WHATSOEVER;  AND  THI*  FACT  THAT  THE 
GOVERNMENT  MAY  HAVE  FORMULATED.  FURNISHED,  OR  IN  ANY  WAY  SUPPLIED  THE 
SAID  '  VINOS.  SPECIFIC  ATIONS,  OR  OTHER  DATA  IS  NOT  TO  B1C  REGARDED  BY 
IMPLICATION  OR  OTHERWISE  Af  IN  ANY  MANNER  LICENSING  THIS  HOLDER  OR  ANY  OTHER 
PERSON  OR  CORPORATION,  OR  CONVEYING  ANY  RIGHTS  OR  PSRidBISION  TO  MANUFACTURE, 
USE  OR  SELL  ANY  PATENTED  INVENTION  THAT  MAY  IN  ANY  WAY  HE  RELATED  THERETO. 


UNCLASSIFIED 


Reproiwad  by 

IMENT  SERVICE  CENTER 

ITT  BUILDINt,  DAYTON,  2,  IIH1G 


I 


property  at  tha  United  Mates  Oovarnmant.  It  is  furnwhsd  lor  ths  du- 
i  shall  ba  vaturnad  whan  no  longar  rsqulrsc  ,  or  upon  rsoall  by  ASHA 
is:  Aransi.  larvlena  Taohnioal  Information  A(«noy, 
Cialtri  Knott  BaftidUf,  Dayton  I,  Ohio. 


MXMT  OR  OTHER  DRAWXNOS,  SPECIFICATION*  OK  OTHER  DATA 
POSE  OTKui  TRAN  Of  CONNECTION  WITH  A  DEFINITELY  RELATED 
MXMT  OPERATION,  TEX  U.  S.  GOVERNMENT  THEWS  BY  INCURS 
t  ANY  ORUOATION  WHATSOEVER:  AND  THU  FACT  THAT  THE 
!  FORMULATED.  FURNISHED,  OR  IN  ANY  WAY  SUPPLIED  THE 
C  ATIONE,  OR  OTHER  DATA  M  NOT  TO  Bit  FIOARDfcD  BY 
vm  AS  Dt  ANY  MANNER  LWENdNO  THIS  HOLDER  OR  AMY  OTHER 
N,  OR  CONVEYING  ANY  RIGHTS  OR  PBRldUWON  TO  MANUFACTURE, 
ITED  INVENTION  THAT  MAY  IN  ANY  WAT  HE  RELATED  THERETO. 


IASsFIED 


